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Abstract  

The r a d i a t i o n  hazard i n  space i s  discussed 
i n  terms o f  Van Allen r a d i a t i o n  and s o l a r  
f l a r e  proton r a d i a t i o n ;  r a d i a t i o n  presents  a 
s i g n i f i c a n t  hazard but i t  i s  apparent ly  to le rab le  
i f  s h i e l d i n g  i s  a s  g r e a t  a s  10 g cm'*. 
meteor i te  hazard i s  comparable; pene t ra t ion  i s  
u n l i k e l y  i f  the wal l  th ickness  corresponds t o  
mass d e n s i t i e s  a s  high a s  those required f o r  
r a d i a t i o n  sh ie ld ing .  Nei ther  Mars nor Venus 
has  a magnetosphere l i k e  t h a t  of  e a r t h ,  and 
hence no r a d i a t i o n  b e l t ;  however, both have i n -  
duced magnetospheres. 
i s  so t h i n  a s  t o  complicate the  landing problem 
there .  
recent  observat ions i n  Mariner 5 and Venus 4 
permit  a more d e t a i l e d  d e s c r i p t i o n  o f  the  atmo- 
sphere of Venus than t h a t  of Mars. 

The 

The atmosphere of Mars 

The atmosphere of Venus is  very th ick ;  

I. In t roduct ion  

The environment t h a t  w i l l  be encountered on 
a manned p lane tary  mission can be conveniently 
divided i n t o  t h r e e  segments -- the  near-ear th  
environment, the  i n t e r p l a n e t a r y  environment, 
and the p lane tary  environment. 
t i o n ,  major emphasis w i l l  be devoted t o  the l a s t  
of t h e s e ,  s i n c e  problems assoc ia ted  with the  f i r s t  
t w o  will have been m e t  i n  e a r l i e r  manned lunar  
opera t ions .  Fur ther ,  the  treatment here  w i l l  be 
h ighly  s e l e c t i v e  with regard t o  those elements of 
t h e  environment which a r e  judged t o  provide some 
degree of  r i s k ;  elements of  the  environment t h a t  
a r e  s t ra ight forward  and pose no s p e c i a l  problems -- such a s  g r a v i t y  and h e a t  balance -- w i l l  be 
ignored. 

I n  t h i s  presenta- 

11. Radiat ion B e l t  

The main problem i n  t h e  near-ear th  environ- 
ment r e s u l t s  from t h e  Van Allen r a d i a t i o n  be l t .  
This has  a complicated s t r u c t u r e  involving both 
high and low energy e l e c t r o n s  and protons trapped 
i n  the  geomagnetic f i e l d ;  only the high energy 
components a r e  of much s i g n i f i c a n c e  from the 
s tandpoin t  of r a d i a t i o n  exposure i n s i d e  a space- 
c r a f t .  

The i n n e r  zone of t h e  r a d i a t i o n  b e l t  has  a s  
i t s  most p e n e t r a t i n g  component protons with 
energ ies  i n  excess of  35 MeV. The maximum f l u x  
occurs a t  an a l t i t u d e  of  about 3000 km above the 
geomagnetic equator  and it has a value of about 
5 x lo4  protons cm-j s-l. Figure 1 shows an 
approximate representa t ion  of t h e  high-energy 
proton belt1. The f l u x  contours  vary i n  al-  
t i t u d e  with longi tude because of t h e  o f f - s e t  
l o c a t i o n  o f  the e a r t h ' s  magnetic d ipole ;  the lo3 
protons cm-2 s-1 contour  v a r i e s  i n  a l t i t u d e o  from 
about  1800 km a t  90°E t o  about 900 km a t  60 W ,  

LATITUDE RELATIVE TO INTEGRAL INVARIANT EQUATOR 

Figure 1. Energet ic  proton f lux  ( inner  zone) 
of the  Van Allen rad ia t ion .  The numbem iden- 
t i f y  f l u x  contours of  protons with ener  ies  
g r e a t e r  than about 35 MeV i n  protons/cm5-sec. 
A s  shown, the  a l t i t u d e  of the  b e l t  i s  appro- 
p r i a t e  f o r  210' E lon  i tude .  The proton f l u x  
beyond about 1 .3  x 10 km undergoes t i m e  var ia -  
t i o n s .  

2 and the 10 protons s - l  contour i s  about 
300 km lower. 
than 1 g cm-2 of aluminum, and w i l l  g ive  r i s e  t o  
s i m i l a r  f luxes but i n  the 1-10 Mev range i n s i d e  
such a s h i e l d .  This would give r i s e  t o  r a d i a t i o n  
dosages of  about 10 rads hr-1, bu t  only near  t h e  
sur face  of an as t ronaut ' s  body, a s  most of the  
r a d i a t i o n  i s  not energe t ic  enough t o  pene t ra te  
deeply. However, spacecraf t  sh ie ld ing  w i l l  prob- 
ab ly  run more l i k e  10 g cm-2, which can be pene- 
t r a t e d  by protons only i f  t h e i r  energ ies  exceed 
about 100 MeV. The f lux  of p a r t i c l e s  with 
energ ies  t h i s  high i s  very small ,  probably l e s s  
than 10 cm-2 s-1 except i n  a small a rea  near  the 
c e n t e r  of the  be l t2 .  Further ,  exposure t o  t h i s  
r a d i a t i o n  can be minimized by o r b i t i n g  below the 
i n t e n s e  r a d i a t i o n  and then passing through t h e  
zone r a t h e r  quickly on leaving t h e  e a r t h ;  f o r  
example, i n  about one-half hour, a s  w i l l  be done 
i n  Apollo lunar  operation. The o u t e r  edge of the  
zone. is. normally near  6000 km a l t i t u d e ,  b u t  i t  may 
'raise t o  about 10,000 km a t  times3. 

These p a r t i c l e s  can penet ra te  more 

xThis research  was supported by National Aeronautics and Space Administration grant  NsG-269. 1 



The p e n e t r a t i n g  component of the outer  zone of 
t h e  r a d i a t i o n  b e l t  i s  e l e c t r o n s  with energ ies  
g r e a t e r  than 1.5 MeV. The f l u x  values  between 
10,000 and 30,000 km vary from lo3 t o  106 e lec t rons  
cm-2 s-1, t h e  l a t t e r  high values  being associated 
with magnetic d i s turbances .  E lec t ron  energ ies  
only r a r e l y  exceed 5 MeV. 
v a r i a b l e ,  sometimes changing by a f a c t o r  of 100 
i n  a few minutes. The r a d i a t i o n  dosa e may a t  
t i m e s  run q u i t e  high behind a 1 g cm-8 s h i e l d ,  
even i n  excess  of  100 rads hr-1. 
t h e  e l e c t r o n s  can be stopped with a 10 g cm-* 
s h i e l d ,  b u t  t h i s  does not  e l imina te  t h e  rad ia t ion  
problem wi th  e l e c t r o n s ,  because o f  the phenomenon 
of  bremsstrahlung. This  r a d i a t i o n  i s  more pene- 
t r a t i n g  than t h e  e l e c t r o n s  t h a t  produce i t  by a 
f a c t o r  of 100 o r  1000, so it i s  more d i f f i c u l t  t o  
s h i e l d  a g a i n s t .  Radiat ion with photon energ ies  
g r e a t e r  than 300 kev can p e n e t r a t e  a 10 g cm-2 
s h i e l d  wi th  a f r a c t i o n a l  t ransmission l a r g e r  than 
l /e .  The e f f i c i e n c y  of  product ion of  bremsstrah- 
lung i s  g r e a t e s t  f o r  e l e c t r o n  impact on heavy 
n u c l e i ,  so the  problem could be minimized by the 
use of a two-layer s h i e l d  -- an o u t e r  l a y e r  con- 
s i s t i n g  mainly of low atomic mass mater ia l s  t o  
minimize bremsstrahlung product ion,  and an inner  
l a y e r  c o n s i s t i n g  of high atomic mass mater ia l s  
t o  maximize absorp t ion  of  photons. However, i n  
the  p r a c t i c a l  problem of  space f l i g h t ,  t h e  dura- 
t i o n  of exposure during a mission would normally 
be s m a l l ,  a s  the  s p a c e c r a f t  w i l l  probably pass  
through the region rapidly.  I f  necessary,  p e r i -  
ods of  h i g h  magnetic a c t i v i t y  and assoc ia ted  high 
e l e c t r o n  f l u x  l e v e l s  might be avoided i f  the 
launch windows a r e  not  too  r e s t r i c t i v e ,  o r  a 
t r a j e c t o r y  leaving t h e  atmosphere a t  a l a t i t u d e  
i n  excess  of  45' might be chosen t o  avoid most of 
the  r a d i a t i o n  b e l t .  

The f luxes  a r e  highly 

V i r t u a l l y  a l l  

111. Solar  F la re  Protons 

Solar  f l a r e  protons a r e  p o t e n t i a l l y  a seri- 
ous hazard t o  manned space f l i g h t .  Many s o l a r  
f l a r e s  emit  e n e r g e t i c  protons with energ ies  
exceeding 10 MeV, but i n  most cases  the energy 
spectrum i s  s t e e p ,  and f o r  most f l a r e s  there  a re  
few p a r t i c l e s  i f  any with energ ies  i n  excess of 
30 MeV. However, a few f l a r e s  emit much more 
e n e r g e t i c  rad ia t ion .  About 50 f l a r e s  during one 
eleven-year sunspot cycle  e m i t t e d  p a r t i c l e s  with 
energ ies  i n  excess o f  30 MeV,  which a r e  capable 
of p e n e t r a t i n g  a s h i e l d  of  1 g The f l a r e s  
t h a t  emit >30 MeV r a d i a t i o n  a r e  grouped around 
t h e  maximum of the sunspot cyc le ;  f o r  th ree  o r  
four  years  near  t h e  minimum, only one o r  two 
such f l a r e s  a r e  t o  be expected. The peak f r e -  
quency n e a r  sunspot maximum i s  about one per month 
About one t h i r d  of these  events  may be c l a s s i f i e d  
a s  l a r g e  events  i n  which t h e  t o t a l  f l u x  of p a r t i -  
c l e s  wi th  energ ies  exceeding 30 MeV i s  g r e a t e r  
than lo8 p a r t i c l e s  
s p e c t r a  f o r  s o l a r  f l a r e  protons a r e  not very re- 
l i a b l e ,  because i t  has been necessary t o  use in-  
d i r e c t  observa t ions ,  such a s  ionospheric  e f f e c t s ,  
i n  t h e i r  der iva t ion .  Rela t ive ly  few da ta  have 
been obtained i n  s p a c e c r a f t  with instrumentat ion 
designed t o  accura te ly  measure the  energy spectra  
i n  t h e  c r i t i c a l  energy range and t h e  time h is tory  
of  t h e  s p e c t r a .  

The d a t a  on energy 

Some of t h e  s o l a r  f l a r e  proton events  in-  
volve p a r t i c l e  energ ies  g r e a t e r  than 103 MeV. 
These events ,  which may be descr ibed a s  r e l a t i v i -  
s t i c ,  can be observed a t  ground l e v e l  by neutron 
monitors. Such events  occur about once every two 
years  on t h e  average,  with no obvious c o r r e l a t i o n  
with s o l a r  cyc le ,  a l though the  s t a t i s t i c s  on f re -  
quency of  occurrence a r e  poor. 
two s o l a r  cyc les ,  none of these r e l a t i v i s t i c  
events  occurred i n  a three-year  period around t h e  
maxima o r  a four-year per iod around t h e  minima 
of  t h e  cycles .  This has  lead t o  the conjec ture  
t h a t  such events  a r e  not  t o  be expected a t  sun- 
spot  maximum o r  minimum, but  only on the  sharp ly  
r i s i n g  and f a l l i n g  por t ions  of  t h e  s o l a r  a c t i -  
v i t y  curve. However, i n  view of the poor s t a t i s -  
t i c s ,  i t  may w e l l  be t h a t  this was j u s t  a random 
v a r i a t i o n  of  no r e a l  s i g n i f i c a n c e ,  and r e l a t i v i -  
s t i c  events  may be a s  l i k e l y  a t  the  maximum a s  
immediately preceding it and following it .  

During the  l a s t  

4 F r i e r  and Weber have ca lcu la ted  t h a t  a ra- 
d i a t i o n  dosage o f  885 rads from protons and 430 
rads from alpha p a r t i c l e s  would have been en- 
countered under 1 g cm-2 of  sh ie ld ing  during 
J u l y ,  1959, when t h r e e  l a r g e  events  occurred. 
The Space Radiat ion Study Panel of  the Space 
Science Board g ive  1540 rads a s  t h e  sur face  dose 
behind a 1 g cm-2 sh ie ld  f o r  t h e  same series of 
f l a r e s ,  and 144 rads a s  the  i n t e r n a l  dosage four  
cent imeters  below the  s k i n  of an as t ronauts .  
Behind a 10 g cm-2 s h i e l d ,  the  i n t e r n a l  dosage 
f a l l s  t o  30 rads ,  which i s  a l s o  the  ca lcu la ted  
dosage f o r  an event t h a t  occurred i n  February, 
1956, and f o r  a p a i r  of  events  i n  November, 1960. 
Fur ther ,  t h e r e  i s  no assurance t h a t  l a r g e r  events  
might not  be encountered than those seen during 
the l a s t  period of  a c t i v i t y .  

Man can usua l ly  survive a dosage of 100 t o  
200 rads ,  and can poss ib ly  survive i n  t h e  range 
200 t o  500; but over 500 i s  very l i k e l y  t o  be 
l e t h a l  ( the  Space Science Board repor t  i n d i c a t e s  
a median l e t h a l  dosage of about 250 rads o r  450 
roentgens, with 10% death r a t e  a t  about 90 rads 
and 90% a t  about 400 rads) .  
therefore  appears t o  provide adequate p r o t e c t i o n  -- protec t ion  such t h a t  30 rad doses would have 
been obtained during the  p a s t  twenty years  only i n  
February 1956, July 1959, and November 1960. Even 
i f  two such events  occurred during an i n t e r p l a n e t -  
a r y  mission,  the dosage would probably be t o l e r a b l e ,  
e s p e c i a l l y  when the  g r e a t  sh ie ld ing  t h a t  must e x i s t  
i n  some d i r e c t i o n s  due t o  massive por t ions  of the 
spacecraf t  i s  taken i n t o  account. 

Shielding of  10 g cnr2 

I V .  Meteori tes  

Probably t h e  g r e a t e s t  meteoric hazard t o  
manned p lane tary  f l i g h t  i s  t h a t  presented by un- 
charted meteor streams i n  space, Only those t h a t  
c ross  the e a r t h ' s  o r b i t  have been char ted ,  and 
t h e r e  i s  l i t t l e  evidence concerning streams t h a t  
m i s s  the  e a r t h ' s  o r b i t ,  although they a r e  a reason- 
able  expectat ion.  One might take a s  a f i r s t  in -  
d i c a t i o n  of  t h e i r  p r o b a b i l i t y  the number of streams 
t h a t  a r e  encountered by t h e  e a r t h  i n  i t s  o r b i t ,  
an average of severa l  a month, most of which do 
not  produce dangerous impact r a t e s .  There i s  a l s o  
the prospect  t h a t  the p r o b a b i l i t y  of encountering 
meteor streams may increase  a s  one approaches the  
a s t e r o i d a l  b e l t .  Mariner 4 observed a f ive-fold 
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. J i n c r e a s e  i n  impact frequency f o r  microscopic 
p a r t i c l e  i n  pass ing  from e a r t h  o r b i t  t o  Mars, but  
t h e s e  d a t a  have been thrown i n t o  some doubt by 
t h e  discovery t h a t  t h e  microphone d e t e c t o r s  e m i t  
no ise  p u l s e s  when they undergo a temperature 
change, and t h e s e  p u l s e s  appear l i k e  meteor i te  
impact&. 

The most r e l e v a n t  d a t a  on r a t e s  of meteori te  
impact were obtained i n  Explorers  16 and 23 and 
Pegasus 1 and 2?. On Explorer 16 over  a 7 112 
month i n t e r v a l ,  t h e r e  were 44 penet ra t ions  of 
1 m i l l  and 11 penet ra t ions  of 2 m i l  beryllium- 
copper f o i l s ,  and on Explorer 23 t h e r e  were 43 
p e n e t r a t i o n s  of  1 m i l  and 54 penet ra t ions  of 2 
m i l l  f o i l s .  On Pegasus, c a p a c i t o r  type pene- 
t r a t i o n  d e t e c t o r s  were used with aluminum o u t e r  
p l a t e s  of 40, 200, and 400 micron th ickness  
(approximately 1.6, 8, and 16 mil) .  The r e s u l t -  
i n q  r a t e s  vary from about 2 x 10-6 penet ra t ions  
m- s - 1  f o r  10-2 cm aluminum f o i l s  t o  3 x 10-8 
f o r  4 x f o i l s .  These d a t a  e x t r a  o l a t e  t o  
3 x 10-9 p e n e t r a t i o n s  m-2 s-1  f o r  lo-! cm wal l s  
and 10-11 f o r  1 cm walls .  These l a t t e r  f igures  
correspond t o  average p e n e t r a t i o n  t i m e s  f o r  1 m2 
sur faces  o f  10 years  and 3000 years  f o r  1 m 
and 1 cm t h i c k  wal ls .  

Pegasus d a t a  showed about a 25% increase  i n  
impact r a t e  during t h e  peak o f  a meteor shower; 
t h e  i n c r e a s e  was recognized only on the  40 micron 
(1.6 m i l l )  f o i l  de tec tors .  

V. Induced Magnetospheres 

Nei ther  Mars nor  Venus possesses  an i n t r i n s i c  
magnetic f i e l d  s t rong  enough t o  produce a magneto- 
sphere l i k e  t h a t  of the  e a r t h .  However, both 
possess  ionospheres  whose c o n d u c t i v i t i e s  a r e  suf-  
f i c i e n t  t o  g ive  r i s e  t o  induced magnetospheresg. 
One can t h i n k  of th i s  i n  terms of t h e  s o l a r  
wind br inging  magnetic f i e l d  up t o  t h e  ionosphere, 
while  c u r r e n t s  a r e  induced i n  the  ionosphere t o  
s top  the  rap id  passage of  the  magnetic f i e l d  
through it. The magnetic f i e l d  p i l e s  up t o  t h e  
p o i n t  where i t  i s  s t rong  enough t o  d i v e r t  the  
s o l a r  wind; t h i s  then l i m i t s  the  f u r t h e r  bui ld  
up o f  magnetic f i e l d 9 ,  and a shock wave i s  then 
formed i n  t h e  s o l a r  wind. 

I f  t h e  conducting obs tac le  i n  the s o l a r  
wind w e r e  s o l i d ,  t h e  magnetic f i e l d  would p i l e  
up i n  f r o n t  of  i t  producing a t r a n s i t i o n  region 
j u s t  t h i c k  enough t o  t u r n  back the  s o l a r  wind. 
The th ickness  of  the  t r a n s i t i o n  l a y e r  required t o  
do t h i s  i s  roughly the  geometric mean of the 
e l e c t r o n  and proton gyroradi i  i n  the  s tagnat ion  
f i e l d ,  o r  about  4 km. Once these minimum condi- 
t i o n s  a r e  f u l f i l l e d ,  the  f u r t h e r  p i l e  up of 
magnetic f i e l d  would be eliminated by the  d iver -  
s i o n  of  t h e  flow of the s o l a r  wind around the 
o b s t a c l e ,  t h e  flow being turned a s i d e  by the  
s t a g n a t i o n  f i e l d l o .  However, when t h e  conduct- 
ing  o b s t a c l e  i s  a n  ionosphere, the  condi t ions  
a r e  d i f f e r e n t .  The magnetic f i e l d  w i l l  p i l e  up 
and reach t h e  s tagnat ion  value near t h e  ioniza-  
t i o n  peak i n  the  ionosphere, where t h e  conducti- 
v i t y  i s  h i g h  and t h e  r e s i s t a n c e  t o  the  passage 
of  magnetic f i e l d  i s  g r e a t e s t .  However, the  
th ickness  of  t h e  region i n  which a s tagnat ion  
f i e l d  p i l e s  up may be q u i t e  l a r g e ,  a s  it w i l l  
cont inue t o  bui ld  i n  th ickness  u n t i l  i t  reaches 

such a l e v e l  i n  the  atmosphere t h a t  t h e  d i v e r t e d  
s o l a r  wind can pass  around t h e  p l a n e t  r e l a t i v e l y  
unhindered by c o l l i s i o n s  with atmospheric p a r t i -  
cles. 
p a r t i c l e s  s e r i o u s l y  i n t e r f e r e  with the flow of  
t h e  s o l a r  wind, f i e l d  w i l l  cont inue t o  p i l e  up 
i n  t h e  t r a n s i t i o n  l a y e r ;  a s  t h e  s o l a r  wind cannot 
p i l e  up magnetic f i e l d  t o  a s t r e n g t h  g r e a t e r  than 
the  s tagnat ion  value,  the  t r a n s i t i o n  l a y e r  can 
only thicken.  
can proceed r e l a t i v e l y  unhindered around t h e  
p lane t  w i l l  be where t h e  atmospheric p a r t i c l e  
concent ra t ion  has  f a l l e n  t o  about 106 o r  107 cm-3. 
The th ickness  o f  t h e  t r a n s i t i o n  l a y e r  i s  about 
400 km on Mars o r  Venus, and i t  can be regarded 
a s  an induced magnetosphere. 

As long a s  c o l l i s i o n s  with atmospheric 

The p o i n t  a t  which the  s o l a r  wind 

The induced magnetosphere i s  very small  by 
comparison with t h e  e a r t h ' s  magnetosphere, but  
otherwise i t  bears  some considerable  resemblance 
t o  the  l a t t e r .  The o u t e r  boundary of an induced 
magnetosphere may be re fer red  t o  a s  a magneto- 
pause, and t h e  s o l a r  wind cannot pene t ra te  i t .  
A shock f r o n t  with a s tandoff  d i s tance  of about 
t h r e e  t e n t h s  of t h e  rad ius  of t h e  magnetopause 
forms ahead of  i t .  

The induced magnetosphere p r o t e c t s  the  p lane t -  
a ry  atmosphere from bombardment by t h e  s o l a r  wind 
and a l s o  g r e a t l y  l i m i t s  the  a c t i o n  of  the s o l a r  
wind i n  the  sweeping away of atmospheric p a r t i -  
c l e s .  The l o s s  of atmospheric p a r t i c l e s  depends 
upon their  becoming ionized while  on b a l l i s t i c  
t r a j e c t o r i e s  above t h e  magnetopause, a f t e r  which 
they a r e  swept away by t h e  e l e c t r i c  f i e l d  as- 
soc ia ted  with t h e  motion of t h e  s o l a r  wind. The 
t r a j e c t o r y  l i f e t i m e  of a p a r t i c l e  above the  
magnetopause i s  of the order  of a few minutes, 
whereas the  i o n i z a t i o n  l i f e t i m e  i s  about a month 
o r  40,000 min, so a f r a c t i o n  of the  order  of lod4 
of the p a r t i c l e s  t h a t  pass  through the  magneto- 
pause w i l l  be l o s t .  The average v e l o c i t y  of 
atmos h e r i c  p a r t i c l e s  is  of the order  of 4 x 104 
c m  s-!, and a t  a concentrat ion of 106 cm-3, the 
upward f l u x  i s  about 1010 cm-2 s-1. The l o s s  i s  
therefore  about 106 cm-2 s - l ,  which i s  a modest 
number -- about equal  t o  the r a t e  of l o s s  of 
helium on e a r t h  and l e s s  than a ten th  of the  r a t e  
of hydrogen loss .  The t o t a l  l o s s  from a p lane t  
over geologic  time would be a few tens of meters 
a t  STP, which i s  r a t h e r  t r i v i a l .  

VI. Martian AtmosDhere 

The pressure  a t  the Martian sur face  i s  now 
general ly  accepted a s  lying i n  the range 4 t o  8 mb, 
mainly on the  b a s i s  of Mariner 4 observa t ions l l  
but a l s o  on the  b a s i s  of spectroscopic  evidence12. 
I t  i s  probable t h a t  sur face  topographic d i f f e r e n c e s  
a r e  l a r g e  enough t o  cause a v a r i a t i o n  which i s  
g r e a t e r  than t h e  f a c t o r  of two uncer ta in ly  i d e n t i -  
f i e d  above. There a r e  l i g h t  and dark a reas  on the  
p l a n e t ,  and one reasonable supposi t ion i s  t h a t  t h e  
l i g h t  a reas  a r e  lowlands (deser t s )  and t h e  dark  
a reas  a r e  mountainous highlands;  t h e  e leva t ion  
d i f f e r e n c e  might e a s i l y  be i n  excess of t e n  k i l o -  
meters ,  which could give a f a c t o r  of two o r  t h r e e  
v a r i a t i o n s  i n  sur face  pressure.  The f i r s t  p r i o r i t y  
need f o r  new d a t a  on the Martian atmosphere i s  
topographic d a t a  and surface pressures  a t  a few 
reference poin ts .  The topographic da ta  could be 
most e f f i c i e n t l y  gathered by radar  techniques,  
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. e' but  i t  could a l s o  be obtained,  though a t  a 

slower ra te ,  by repeated o c c u l t a t i o n  of rad io  
s i g n a l s  from spacecraf t .  

The Mart ian atmosphere c o n s i s t s  mainly of  
C02. A reasonable  expec ta t ion  f o r  o t h e r  con- 
s t i t u e n t s  i s  3% N2 and 0.03% A13. 
i s  very dry ,  a s  should be expected f o r  such a 
cold p l a n e t ;  t h e  average temperature i s  about 
230°K, and the tern e r a t u r e  a t  the winter p o l a r  
region i s  near  170 K. 
b a s i s  of  observa t ion  t h a t  t h e  water  conten t  o f  
t h e  atmosphere i s  about 14 x 
however , Johnson13 claims t h a t  unmistakable 
white  c louds should be seen i f  the  atmosphere 
were t h a t  mois t ,  and suggests  t h a t  about a f a c t o r  
of  ten less water  i s  more reasonable. Johnson 
a l s o  sugges ts  t h a t  t h e  p o l a r  caps c o n s i s t  of 
very  t h i n  d e p o s i t s  of  hoar  f r o s t .  
Murray15, on t h e  o t h e r  hand, claim t h a t  t h e  polar  
caps c o n s i s t  mainly of s o l i d i f i e d  carbon dioxide. 

The atmosphere 

B It i s  claimed on t h e  

g cmm2 14; 

Leighton and 

Not much i s  known of  the  atmospheric s t r u c -  
Mariner 4 d a t a  i n d i c a t e  a s c a l e  h e i g h t  tu re .  

near  t h e  sur face  of about 10 km. Calculat ions 
of  atmospheric temperature  f o r  the thermos h e r e  
i n d i c a t e  a temperature of  about 400°K16, 19 but  
l i t t l e  i s  known of the c r u c i a l  hundred km neares t  
t h e  sur face .  One i n d i c a t i o n  o f  the  average 
temperature  below 100 km i s  given by the  required 
low atmospheric d e n s i t y  i n  t h e  ionosphere, 
which according t o  Mariner 4 d a t a  has  i t s  maxi- 
mum a t  a n  a l t i t u d e  of 125 km. However, t h i s  has  
been v a r i o u s l y  i n t e r p r e t e d  as analgous t o  an F2 
region13, 18, an F1 reg ionl9 ,  and an E region16, 
i n d i c a t i n g  atmos h e r i c  concentrat ions of  about 
109, 1011, o r  10P3 p a r t i c l e s  cm-3, respec t ive ly ,  
a t  125 km. The atmosphere would have t o  be re- 
l a t i v e l y  warm t o  agree with t h e  E region i n t e r -  
p r e t a t i o n  and r e l a t i v e l y  cold t o  agree with t h e  
F2 region i n t e r p r e t a t i o n .  Radiat ive equi l ibr ium 
c a l c u l a t i o n s  a r e  probably i n  b e s t  agreement wi th  
the  F1 reg ion  i n t e r p r e t a t i o n  i f  one takes  i n t o  
account the probable e f f e c t s  of eddy hea t  t rans-  
p o r t  i n  t h e  atmosphere. 
eddy h e a t  t r a n s p o r t  has  been questioned by 
McE1roy2O on the  grounds of  rapid r a d i a t i v e  re-  
laxa t ion .  McElroy's cons idera t ion  of  rapid 
r a d i a t i v e  r e l a x a t i o n  compares t h i s  with the  time 
required t o  achieve complete mixing, whereas the 
appropr ia te  comparison i s  with t h e  average l i f e -  
t i m e  of i n d i v i d u a l  eddies. For reasonable s i z e  
eddies ,  eddy h e a t  t r a n s f e r  can be expected t o  
cause a considerable  reduct ion of  the  temperature 
below 100 km; t h i s  i s  accomplished by eddy t rans-  
f e r  downward of h e a t  i n t o  a region where radia-  
t i v e  h e a t  l o s s e s  a r e  r e l a t i v e l y  l a r g e  and wel l  
a b l e  t o  d ispose  of  t h e  h e a t  t h a t  has been t rans-  
fused downward. 

The e f f e c t i v e n e s s  of  

Because of the  low sur face  dens i ty  of t h e  
Martian atmosphere, s t r o n g  winds a r e  t o  be 
expected as a r e s u l t  of  unequal s o l a r  hea t ing  
over the p l a n e t .  
low h e a t  capac i ty ,  which means t h a t  the  h e a t  
imbalance cannot be compensated by a slow wind. 
High winds occas iona l ly  r a i s e  d u s t  on Mars. 

This r e s u l t s  simply from t h e  
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VII. Cytherian Atmosphere 

L 

- 

- 
- 

A l o t  of  new d a t a  a r e  a v a i l a b l e  from Venus. 
The Russian Venus 4 probe measured a temperature 
of 313°K and a pressure  of  1 atm a t  25 km, and 
553'K and 15 atm a t  t h e  surface.  
quest ion a s  t o  whether the probe a c t u a l l y  reached 
the  sur face ,  o r ,  i f  i t  d i d ,  i f  i t  was on an ele- 
vated a r e a ,  such a s  a mountain. The h i g h e s t  
temperature  observed, 553'K, i s  i n  reasonable  
agreement with the microwave measurements made 
on t h e  dark s i d e  of  the  p l a n e t ,  where t h e  Venus 4 
s p a c e c r a f t  landed. The composition measurements 
ind ica ted  t h e  presence of oxygen, about 0.4%, 
and water ,  l e s s  than 1.6%. They indica ted  no 
n i t rogen ,  but the  threshold f o r  d e t e c t i o n  w a s  
g r e a t e r  than 5%, where 3% i s  a reasonable expecta- 
t ion .  Most of t h e  atmosphere, more than 92%, i s  
of carbon dioxide. 

There i s  some 

\ 

Mariner 5 measurements complemented t h e  Venus 
4 measurements very n ice ly .  
about 5 .4  km, was deduced from t h e  da ta - l ink  
o c c u l t a t i o n  measurements a t  a pressure  l e v e l  of 
about a mil l ibar21.  Furthermore , t h e  ionosphere 
was observed i n  some and t h e  magnetic 
and s o l a r  plasma flow per turba t ions  near  the  
p lane t23  were a l s o  observed. A photometer 
de tec ted  hydrogen Lyman-alpha r a d i a t i o n  i n  t h e  
outer  atmosphere, and from t h i s  an exos h e r i c  
temperature of about 700'K was deduced2$. 
oxygen was not  observed, but not  much could be 
expected with the  exospheric temperature t h a t  
p reva i l s .  

A low s c a l e  h e i g h t ,  

A t o m i c  

A highly t e n t a t i v e  model of  the Cytherian 
atmosphere i s  shown i n  Figure 2. 
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Figure 2. Tentat ive model of  the temperature 
and p a r t i c l e  concentrat ion d i s t r i b u t i o n  i n  the  
atmosphere of Venus. 
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The temperature p r o f i l e  measured i n  Venus 4 i s  
shown below 25 km, and t h i s  i s  very c l o s e  t o  t h e  
d r y  a d i a b a t i c  l a p s e  r a t e .  
bu t ion  shown f o r  t h e  region above 70 km i s  c l o s e  
t o  t h a t  c a l c u l a t e d  by McElroyZS, and it i s  i n  
good agreement with t h e  exospheric  temperature de- 
termined from the hydrogen corona. The temperature 
minimum near  90 km i s  ind ica ted  by McElroy's ca l -  
cu la t ions .  The warm region a t  60 km i s  based upon 
t h e  s c a l e  h e i g h t  determinat ion from the occul ta t ion  
experiment; i t  appears  analgous t o  the  warm region 
near  50 km i n  t h e  e a r t h ' s  atmosphere, which is 
due t o  absorp t ion  of  s o l a r  u l t r a v i o l e t  r a d i a t i o n  by 
ozone. 

' 4  

The temperature d i s t r i -  

An important  ques t ion  r e l a t e s  t o  t h e  quant i ty  
o f  water  on Venus. The Venus 4 measurements in -  
d i c a t e  l e s s  than 1.6%, but  t h e r e  i s  no i n d i c a t i o n  
of  how much less it might be. However, even t h i s  
f i g u r e  provides  some u s e f u l  l i m i t s  on clouds. 
A t  4OoC, t h e  water  conten t  could run as  high a s  8% 
without  condensation; t h e  f a c t  t h a t  the  content  
l ies  so s i g n i f i c a n t l y  below t h i s  means t h a t  a 
cloud base could e x i s t  no lower than about 3 km 
above t h e  1 atm pressure  l e v e l  where t h e  measure- 
ments commenced. Ext rapola t ion  of  the a d i a b a t i c  
lapse  r a t e  i s  t h e r e f o r e  appropr ia te  t o  a tempera- 
t u r e  of  approximately 10°C a t  28 km, where con- 
densa t ion  would occur  with 1.6% water. A cloud 
base could e x i s t  t h e r e ,  and t h e  temperature d i s -  
t r i b u t i o n  above t h a t  po in t  would l i k e l y  be moist 
a d i a b a t i c ,  which has  a somewhat l e s s e r  s lope than 
t h e  dry  a d i a b a t i c  l a p s e  r a t e .  Inf ra red  rad ia t ion  
measurements i n d i c a t e  a temperature of about 230°K 
a t  a haze l a y e r  o r  cloud top. I f  t h e  cloud base 
were a t  i t s  lower l i m i t ,  t h e  measured temperature 
a t  t h e  cloud top would i n d i c a t e  a pressure (using 
a moist a d i a b a t i c  temperature d i s t r i b u t i o n )  there  
of  about 150 mb, and an a l t i t u d e  of about 34 km; 
i f  the  cloud base were much higher  than i t s  lower 
l i m i t ,  t h e  cloud top temperature would be reached 
a t  a p r e s s u r e  of  about 200 mb (using the  dry 
a d i a b a t i c  lapse  r a t e  f o r  es t imat ing) ,  which would 
occur a t  a n  a l t i t u d e  of about 33 km. Thus t h e  
clouds might be f a i r l y  dense r a i n  clouds o r  very 
t h i n  clouds without  much a f f e c t i n g  the  conclusion 
t h a t  t h e  temperature f a l l s  t o  about 230'K near  
34 km, and t h e  pressure  t h e r e  i s  about 0.2 atm. 

Also shown i n  Figure 2 a r e  some concentrat ion 
f i g u r e s  f o r  carbon dioxide. A t  high l e v e l s ,  
some l i g h t  c o n s t i t u e n t  o r  c o n s t i t u e n t s  can be 
expected t o  predominate, probably H, He, o r  0. 
The curve labeled 0 suggests  poss ib le  concentra- 
t ions .  
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